Climate change and habitat fragmentation are considered key pressures on biodiversity, and mammalian carnivores with a limited geographical distribution are particularly vulnerable. The kodkod Leopardus guigna, a small felid endemic to the temperate forests of southern Chile and Argentina, has the smallest geographical range of any New World felid. Although the species occurs in protected areas in both countries, it is not known how well these areas protect the kodkod either currently or under climate change scenarios. We used species distribution models and spatial analyses to assess the distribution of the kodkod, examining the effects of changes in human land use and future climate change. We also assessed the species' present representation in protected areas and in light of climate change scenarios. We found that the kodkod has already lost 5.5% of its range as a result of human land use, particularly in central areas of its distribution with intermediate habitat suitability. Climate change, together with human land use, will affect 40% of the kodkod's present potential distribution by the year 2050. Currently, 12.5% of the species' potential distribution lies in protected areas and this will increase to 14% in the future. This increase does not, however, mean an increase in protected habitat but rather a reduction of the species' total potential range; a relatively larger percentage will be protected in Argentina than in Chile but the species is more susceptible to extinction in Argentina and the Chilean Matorral.
Introduction
C limate change and destruction of natural habitats through human activities are major threats to terrestrial biodiversity. These pressures have led to substantial range contractions and species' extinctions (Parmesan & Yohe, 2003; Root et al., 2003; Opdam & Wascher, 2004) , including for mammals (Schipper et al., 2008) , and species at high altitudes are particularly vulnerable (Innes, 1991; Diaz & Bradley, 1997; Burns et al., 2003; Thomas et al., 2004) . Knowledge of the geographical distribution of species is essential to assess these threats (Regan et al., 2000; Conrad et al., 2006) but data on the distribution of rare species is limited (Hernandez et al., 2006; Thorn et al., 2009) .
One of the most effective ways to protect species and their habitats is through the establishment of protected areas. Historically, protected areas were established opportunistically, assigning places with low potential for economic development and high potential for tourism (Margules & Pressey, 2000; Rodrigues et al., 2004; Burkart et al., 2007; Marinaro et al., 2012) . To assess the value of protected areas for protecting a particular species, a GAP analysis (Jennings, 2000) can be performed by overlaying a distribution map of biological attributes onto a map of protected areas.
The kodkod Leopardus guigna is a rare, small felid native to Chilean and Argentinian temperate forests, with the smallest geographical range of the New World felids (Oliveira, 1994; Nowell & Jackson, 1996; Sunquist & Sunquist, 2002 Acosta & Lucherini, 2008) . The species is categorized as Vulnerable on the IUCN Red List (Acosta & Lucherini, 2008) and in Argentina (Díaz & Ojeda, 2000) ; in Chile, it is classified as Inadequately Known and Rare (CONAMA, 2007) . Two subspecies are recognized (Cabrera, 1957; Wilson & Reeder, 2005; Napolitano et al., 2013) ; L. guigna tigrillo (5L. guigna molinae), which inhabits the Chilean Matorral and sclerophyll woodlands and forests in northern and central Chile (between the Coquimbo and BíoBío Regions), and L. guigna guigna, which inhabits Valdivian temperate rainforest and north Patagonian forest (from the Araucanía to Aysén Regions, including Chiloé Island), and the Andean Patagonian forest (western Neuquén, Río Negro and Chubut Provinces in south-western Argentina; Osgood, 1943; Nowell & Jackson, 1996; Freer, 2004) . The restricted distribution of the kodkod and its habitat specificity make it particularly vulnerable to changes in land use and climate (Araújo et al., 2008) .
Part of the kodkod's distribution includes Andean mountain ranges. Species inhabiting mountain ranges may shift their distributions to higher elevations or latitudes as a result of climate change (Hughes, 2000) but it is not clear if and how much the kodkod could migrate to higher altitudes because permanent snow naturally limits its distribution (Dunstone et al., 2002) . There are several protected areas within the kodkod's range on the border between Argentina and Chile, and these areas are unlikely to be transformed to other uses as it is difficult to grow crops in this region (FAO, 2001) . However, parts of these protected areas are currently covered with permanent snow and thus are not suitable habitat for the kodkod (Gálvez et al., 2013) . The aims of this study were to update knowledge of the distribution of L. guigna based on the largest data set of historical and current records hitherto collected, to assess the effects of current human land use on the species' distribution, and to predict the species' future distribution, taking into consideration the effects of climate change. We also assess the kodkod's present representation in protected areas in light of climate change.
Study area
The Valdivian Temperate Forest of southern Chile and adjacent Argentina spans 35-48°S ( Fig. 1a ; Olson et al., 2001; WWF, 2006) . It is recognized as an ecoregion with a high conservation priority by the Global 2000 initiative (Olson et al., 2001) . Minimum and maximum mean annual temperatures are 7-21 and 4-13°C in the north and south of this ecoregion, respectively (CONAMA, 2007) . Total annual precipitation varies between 1,000 mm in the north and . 6,000 mm in the south (Huber, 1979) . The Chilean Matorral ecoregion is a 100 km-wide strip extending along the central part of the Chilean coast. It is characterized by a temperate Mediterranean climate, with rainy winters and dry summers. About 95% of the plant species of this region are endemic to Chile (WWF, 2006) .
Methods

Sources of biological data
To avoid bias in geographical representation we included data representing the entire range of the kodkod (Sánchez-Fernández et al., 2011) . We included material from the following collections: American Museum of Natural History (AMNH, New York, USA), Field Museum of Natural History (FMNH, Chicago, USA), Colección del Grupo de Ecología Comportamental de Mamíferos (CGECM, Bahía Blanca, Argentina), and Museo Argentino de Ciencias Naturales 'Bernardino Rivadavia' (MACN, Buenos Aires, Argentina). We also compiled distribution records from the literature (Osgood, 1943; Nowell & Jackson, 1996; Walker et al., 2003; Acosta-Jamett & Simonetti, 2004; Freer, 2004; Tapia Friz, 2005; Coldwell, 2008; Gálvez et al., 2013) , unpublished field records from the Sistema de Informacion Biodiversidad of the Administration of National Parks (Argentina), records provided by colleagues (the project Conservation and ecology of the huiña cat Leopardus guigna in the north-east of Patagonia, Argentina, courtesy M. Monteverde), and localities shared by the Cat Specialist Group (courtesy G. Acosta-Jamett). We compiled a total of 104 presence records spanning a period of 79 years. After cleaning the data (i.e. excluding records lacking environmental variables or records that could not be georeferenced) and filtering records from the same pixel (i.e. c. 0.77 km 2 ), we had 86 georeferenced independent localities for 1923-2002 ( Fig. 1 ; Supplementary Table S1 ).We assigned coordinates using Google Earth 5.0.1 (Google Permissions, 2013) and gazetteers from DIVA-GIS (2013) and the Instituto Geográfico Nacional (Argentina). All records were transformed to decimal degrees using the geodetic datum WGS 84.
Environmental variables
We used environmental variables from WorldClim (Hijmans et al., 2005) , commonly used in ecological niche modelling (Loiselle et al., 2010) , and altitude derived from a digital elevation model produced by NASA (Shuttle Radar Topographic Mission), from which we derived slope. These variables performed well in modelling potential distribution of the flat headed cat Prionailurus planiceps (Wilting et al., 2010), Andean cat Leopardus jacobita (Marino et al., 2011) and jaguar Panthera onca (Tôrres et al., 2008) .
To generate predictive distribution models we used projections of the same climatic variables for the year 2050. There is a lack of agreement as to which climate models are most appropriate for predicting species distributions (Pierce et al., 2009) . We therefore used a selection of three scenarios for 2050, derived from IPCC climate surfaces (CSIRO-MK3.0, CCMA-CGCM3.1-T63 and GFDL-CM2; Ramirez & Jarvis, 2008) , representing a range of the available climate models and allowing us to examine the general robustness of our results. These three surfaces have been successfully used for the same purpose with birds (Loiselle et al., 2010) .
Species distribution models
We used a geographical information system and species distribution models to describe the distribution of the kodkod under present climate conditions and under a climate change scenario. Distribution models have become an important tool to predict distributions of species, including potential changes in their geographical ranges as a result of climate change (Peterson et al., 2002; Araújo et al., 2005; Jeschke & Strayer, 2008) . We used models based on maximum entropy (MaxEnt v. 3.3.3k; Phillips et al., 2006) , a presence-only modelling technique that performs well (Elith et al., 2006) . Following Yost et al. (2008) we first ran a distribution model using all variables (19 climatic and two topographic) and applied a Jackknife analysis. We selected the variables that were relatively more important for the distribution of the species and that had low correlation values (Pearson correlation , 0.7), to avoid collinearity and minimize redundancy ( Table 1) . To validate the model we ran it 100 times, randomly splitting the data into 75% to calibrate the model and 25% as test points, using a random seed each time and bootstrap replications. The final model was the average of all runs. To avoid bias from uneven sampling we used a kernel density bias file in MaxEnt (Kramer-Schadt et al., 2013) . To evaluate the general performance of the models we calculated the area under the curve (AUC) for the receiver operating characteristic curve, incorporated in MaxEnt (Hanley & McNeil, 1982; Baldwin, 2009) . The model was then converted to a binary map of presenceabsence using the threshold where sensitivity and specificity intersect, which has been recommended in comparative studies (Liu et al., 2005) .
Constraints to the potential distribution
To account for land use that is not suitable for the kodkod we clipped the potential distribution with the Globcover database, available at a resolution of 30 arc-seconds (ESA & UCLouvain, 2010), thereby creating an adapted model. The species clearly avoids agricultural fields, pastures and other cleared areas (Dunstone et al., 2002) , although native forest fragments continue to be adequate habitat in agricultural landscapes (Gálvez et al., 2013) . We considered artificial surfaces and associated areas (urban areas . 50%) and cultivated terrestrial areas as unsuitable for the kodkod but we took a conservative approach by retaining land uses such as roads, mosaic vegetation and cropland. We also excluded permanent snow and ice (Dunstone et al., 2002) and water bodies.
Temporal turnover as a result of climate change
When modelling temporal shifts in distribution ranges the equilibrium assumption is violated (Elith et al., 2010) . We combined the results of the three climate change models in a consensus model, to overcome the problem of variability in predictions (Marmion et al., 2009) , and applied the same threshold as for the present distribution model, excluding the same areas (Loiselle et al., 2010) , assuming that degradation was irreversible and not including new transformed areas, but we did not exclude permanent snow or water bodies as their borders could change in the future.
Current and future protection
We obtained a layer of protected areas for the study region from the Secretaría de Medio Ambiente (Argentina) and from the Centro de Estudios Avanzados en Ecología y Biodiversidad and Biodiversity of the Pontificia Universidad Católica (Chile; Fig. 1b) . We then performed a GAP analysis by superimposing the layer of protected areas with the binary maps of both the present and future distributions of the kodkod and calculating the percentage of the present and future area included in protected areas. As the distribution of the kodkod is not equally partitioned between Chile and Argentina we also calculated the percentage of the species' distribution in each country. We transformed grids of present and future distribution to polygons and simplified them to create files that can be opened in Google Earth (Google permissions, 2013).
Results
Environmental variables and species distribution models
Based on the Jackknife analysis of the preliminary model (variables that had a correlation , 0.7) and biological significance, we present in Table 1 the five non-correlated climatic variables that have the greatest contribution to the present potential distribution of the kodkod. The most important variable was precipitation of the coldest quarter, which is related to snow limiting the kodkod's altitudinal distribution. In the preliminary MaxEnt models topographical variables did not have a significant contribution (and were therefore not used in the final models), probably because the kodkod occupies a wide range of altitudes (the presence points were from altitudes of 4-1,840 m). The models for the present potential distribution and future scenario performed well (AUC 0.901 ± SD 0.0264, threshold 0.3651, and ACC 0.904 ± SD 0.001, threshold 0.4104, respectively). We applied equal training sensitivity and specificity values (presence probability) to transform the distributions to presence/absence maps (sensitivity refers to the proportion of presences correctly predicted and specificity is the proportion of absences correctly predicted). Based on these maps the present potential distribution of the kodkod is c. 339,903 km 2 (Fig. 2a) , of which 20% is in Argentina and 80% is in Chile. The present distribution was reduced by 5.5% when human land use was subtracted from the model (i.e. the adapted model; Fig. 2b,  Supplementary Fig. S1 ). Ten percent of this reduction was in Argentina and 90% in Chile. Relative to the area of potential distribution in each country this represents a reduction of 6.3% of the distribution in Chile and 2.8% in Argentina.
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FIG . 2 (a) Modelled potential present distribution, and (b) potential present distribution (adapted model; see text for further details) of the kodkod. The species' distribution as recorded on the IUCN Red List (Acosta & Lucherini, 2008) is represented by the dashed line.
Temporal turnover as a result of climate change
The MESS maps showed there were no differences between the training and prediction environments. After subtracting areas of human land use incompatible with the kodkod we found that only 61% of the kodkod's original potential distribution would be available in 2050 (Fig. 3a,b , Supplementary Fig. S2 ). The models indicate that climate change will have a greater impact in Argentina (58.6%) than in Chile (32.5%).
Present and future representation in protected areas
Of the present distribution of the kodkod 12.5% is represented in protected areas, of which 58% is in Argentina and 42% in Chile. Thus in Argentina 25% of the species' potential present distribution overlaps protected areas, but this is only 9% in Chile. If the present system of protected areas remains intact then 14% of the predicted future distribution of the kodkod will lie within protected areas. Of the future distribution in each country, 55% of suitable habitat in Argentina will remain protected in the future and 7.1% in Chile.
Discussion
Our model of the kodkod's present distribution performs well and therefore the geographical projection of the model is a reliable indicator of the species' potential distribution. The model estimated a potential distribution of 321,188 km 2 , which is greater than the previous estimates of 160,000 km 2 (Oliveira, 1994; Nowell & Jackson, 1996; Sunquist & Sunquist, 2002 Acosta & Lucherini, 2008) and 189,000 km 2 (Soutullo et al., 2005) . Most likely our estimate is greater as a result of the absence of the species from localities with suitable habitat because of persecution (Ménoni, 1994; Silva-Rodríguez et al., 2007) .
When human land use is accounted for, 94.5% of the modelled distribution remains; the largest portion of the 5.5% lost is in the central Matorral valley in Chile. This area contains the majority of Chile's human population and its largest cities, and current trajectories suggest that habitat transformation will continue but at an unknown rate (IUCN Cats Red List Workshop, 2007 , in Acosta & Lucherini, 2008 .
Our modelling predicts that, including the most conservative approach to human land use, 39% of the kodkod's present potential distribution will be lost by 2050 as a result of climate change and changes in human land uses. A notable shift to higher elevations, in an area 20-50 km wide and 650 km long, is predicted at the eastern limit of the present distribution in Argentina (Fig. 3b ). For the model of the future distribution we did not extract areas with permanent snow. Although the kodkod is presently restricted by permanent snow, these areas are predicted to become suitable in the future (Fig. 3b ). If we consider the portion of the kodkod's present distribution not represented in protected areas that overlaps with Valdivian forests, and a mean deforestation rate of 1.86% per year (Armesto et al., 1992; Meneses, 2000; Echeverria et al., 2006; Altamirano & Lara, 2010) , then 98,830 km 2 of Valdivian forest could be lost from the kodkod's potential habitat by 2050. If we include this loss in our projections then 30% of the present potential distribution would be lost in the future. Consequently, the challenge for the future conservation of the species will be to Distribution of a Vulnerable felid 615 reduce the deforestation rate or to incorporate landscapes outside protected areas (e.g. mosaic vegetation, native forest patches) into conservation plans. In our model of the future distribution, areas with higher suitability (. 0.75; Fig. 3a ) lie on the border between Argentina and Los Lagos Region in Chile. Although the GAP analysis indicated that 12.5% of the present and 14% of the kodkod's predicted future distribution will be represented in the current system of protected areas, this increase does not mean an increase in protected habitat but rather a reduction of the species' total potential range. More than 90% of the protected land is at high latitudes (south of 45°S), and these areas may not be suitable for the kodkod (Gálvez et al., 2013) . The occurrence of suitable habitat in protected areas does not necessarily mean that the species is present; further field surveys are needed. The situation in Argentina is problematic as climate change will leave only a small area of habitat suitable for the kodkod, but predicted human impacts on the transformation of habitat suitable for the kodkod is greater in Chile.
Models assume that a species is in equilibrium with its environment (Pearson & Dawson, 2003) . The potential present distribution of the kodkod predicted by our model is congruent with its previously described distribution, suggesting that the species is in equilibrium with current climate. But, as equilibrium depends on biological and abiotic interactions, and dispersal capacity, we do not know if the species can achieve this equilibrium under climate change scenarios.
Our models do not take into account interspecific relationships such as competition but the response to climate change of prey species and vegetation will have indirect impacts on the kodkod. The species has a wide trophic niche (Correa & Roa, 2005 ) and thus it may be able to adapt to other habitats. The species currently appears to compete with Geoffroy's cat Leopardus geoffroyi in Argentina (Lucherini & Luengos Vidal, 2003) , and climate change may affect the two species in different ways, facilitating the presence of Geoffroy's cat in areas where it is currently absent (Strange et al., 2011) .
Our model indicates that the impact of climate change will be greatest in the contact zone between the two subspecies L. guigna guigna and L. guigna tigrillo (Napolitano et al., 2013) . The northernmost subspecies, L. guigna tigrillo, seems to occupy areas with less suitable habitat (Napolitano et al., 2013) , and is less represented in current protected areas, and thus merits special attention. Based on genetic differentiation and population structure Napolitano et al. (2013) proposed five conservation units for the species. Of these the northern unit requires special consideration for conservation (Napolitano et al., 2013) . Our model indicates that this unit may be threatened with extinction because suitable habitat will retract southwards and therefore no suitable habitat for this genetic unit may remain.
In summary, climate change will have a major negative impact on the kodkod, especially in Argentina. The kodkod's distribution closely matches that of the Valdivian Temperate Forest, and will still do so under scenarios of predicted climate change. Changes in human land use are higher in Chile than in Argentina but, given that the majority of the species' range is in Chile, conservation opportunities for the species there are greater. Both subspecies of kodkod will be affected by climate change but the effects on L. guigna tigrillo will be greater because of the predicted reduction in its potential habitat.
